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One–loop effects of Standard Model (SM) extensions comprising universal extra dimensions are
essential as a consequence of Kaluza–Klein (KK) parity conservation, for they represent the very first
presumable virtual effects on low–energy observables. In this paper, we calculate the one–loop CP–
even contributions to the SMWWγ andWWZ gauge couplings produced by the KK excited modes
that stand for the dynamical variables of the effective theory emerged from a generalization of the SM
to five dimensions, in which the extra dimension is assumed to be universal, after compactification.
The employment of a covariant gauge–fixing procedure that removes gauge invariance associated to
gauge KK excited modes, while keeping electroweak gauge symmetry manifest, is a main feature
of this calculation, which is performed in the Feynman ’t Hooft gauge and yields finite results that
consistently decouple for a large compactification scale. After numerical evaluation, our results show
to be comparable with the one–loop SM contributions and well within the reach of a next linear
collider.
PACS numbers: 11.10.Kk, 13.40.Gp, 14.80.Rt
I. INTRODUCTION
The interesting idea that space–time comprises a larger number of spatial dimensions than those that we have
been able to detect, even with the aid of the most powerful colliders running right now, inspires attractive extensions
of the Standard Model (SM) that pursue the fundamental theory describing nature at high energies. The first
models involving extra spatial dimensions were conceived long ago [1], but this sort of descriptions gained remarkable
attention just a few years ago, when it was pointed out [2] that extra dimensions could be found at the TeV scale.
In the present paper, we consider a generalization of the SM to five dimensions under the assumption that the extra
dimension is universal [3], which means that all fields in the model propagate in the bulk. Models involving universal
extra dimensions (UED) possess physical interest, as it is exhibited in various works covering areas of high energy
physics such as dark matter [4], neutrino physics [5], Higgs physics [6], and flavor physics [7]. Up–to–date we have
not found any indication that extra dimensions actually exist, yet a Kaluza–Klein type of effective theory is not in
contradiction with current experimental data. Experimental consistency of this sort of effective theories is ensured by
the assumption that spatial extra dimensions are compactified, since compact extra dimensions would have remained
so far out of the reach of our most sensitive experiments if they are small enough.
A striking consequence of compact extra dimensions is the inception of an infinite set of fields, defined on four–
dimensional Minkowski spacetime, in addition to the SM ones. There are different compactification schemes, and the
consideration of more than one extra dimension comes along with more options to do it. In the case of one extra
dimension, the orbifold compactification on S1/Z2, which is the simplest approach that allows one to reproduce the
SM as the low–energy physical description, yields periodicity and parity properties of the dynamical variables with
respect to the extra–dimensional coordinate. Then the geometry of the orbifold opens the possibility of expanding the
“fundamental” fields in Fourier series, known as Kaluza–Klein (KK) towers. Each term of these series incorporates
a field, a KK mode, propagating in the usual four–dimensional space–time. KK modes can be classified into zero
modes and excited modes, depending whether they are the zero mode in the Fourier expansion or not. Zero modes
are identified with light fields, that is, the SM’s dynamical variables, and KK excited modes are associated with
new states whose presence has not been noticed by experiments so far. In every Fourier expansion of fundamental
fields the whole dependence on the extra–dimension is collected within trigonometric functions; integrating out the
extra–dimensional coordinate in the action provides an effective four–dimensional Lagrangian where the KK modes
enter as effective dynamical variables. Gauge parameters defining the extra–dimensional gauge transformations are,
according to the field–antifield formalism [8], dynamical variables, as they are made to coincide with ghost fields, that
is such parameters propagate in the bulk and can be expanded into KK towers [9].
After expanding gauge covariant objects in the higher dimensional theory, the integration of the compact extra
dimension provides an effective Lagrangian that is invariant under the standard gauge transformations (SGT) and the
2non-standard gauge transformations (NSGT), both with gauge parameters defined on the four–dimensional Minkowski
spacetime [9]. In a more recent work [10], it was shown (using pure Yang–Mills theory) that the KK expansions of
extra–dimensional gauge fields define a point transformation that connects the fundamental theory and the effective
one, in such a way that objects with well defined transformation laws under the gauge group of the former are
mapped into objects with well defined transformation laws under the SGT present in latter. At a phase space level,
this transformation can be lift to a canonical transformation. Fourier expansions of gauge parameters that propagate
in the bulk show that this mapping sends the extra–dimensional gauge group into two disjoint subsets. One of them
is the set of SGT, which forms a group exclusively defined by the zero modes of the gauge parameters, and the other
is the set of NSGT, which in contrast does not form a group. It is in this sense that the full extra–dimensional gauge
symmetry is kept nontrivially hidden within the KK theory.
Employing the concepts of SGT and NSGT, the effective KK theory obtained from the five–dimensional pure
SU5(N) Yang–Mills theory
1 was quantized within the field–antifield framework [9]. In the same fashion, the quanti-
zation of the whole five–dimensional Standard Model (5DSM), in the UED context, was performed [11]. Each set of
gauge transformations, the SGT and NSGT, are characterized by gauge parameters independent of each other, hence
the SGT and NSGT independently leave invariant the SM with one UED. One may wish to fix a gauge involving only
the NSGT in a SGT invariant way2; in Ref. [11] such covariant gauge–fixing procedure was provided. The resulting
tree–level structure of the effective theory was examined, including a comprehensive list of expressions of tree–level
interactions and the appropriate definitions of all mass eigenstates.
As there exist high–energy phenomena not described by the SM, the existence of extensions is well motivated. A way
in which new physics may manifest is through theWWV interactions, with V representing a SM neutral gauge boson.
These trilinear gauge couplings (TGC’s), which have been studied in different contexts such as supersymmetry [12],
extra dimensions [13], and extensions to the SM gauge group [14], offer the possibility of finding evidence of this new
physics at high–energy through virtual effects on SM observables. At this point, the following crucial feature of UED
plays a role: The very first contributions of this sort of SM extensions to low–energy Green’s functions is at one–
loop level, as no tree–level effects on them exist [3]. This is an implication of the so–called KK–parity conservation,
which is an exclusive attribute of models involving UED that makes the bounds on the size of the involved extra
dimensions relatively weak. The importance of one–loop corrections to SM observables from models with UED relies
not only on this issue, as the renormalizability [9, 15] of contributions at this order provides the possibility of obtaining
unambiguous results, even in spite of the well–known nonrenormalizable comportment supplied by the the presence
of dimensionful coupling constants in extra–dimensional models.
In the present paper, we use the gauge fixing procedure and results reported in Ref. [11] to derive the CP -even
contributions to the TGC’s WWV . The fact that the only new parameter introduced by UED models is the size of
the extra dimension, enhances the predictive power of these kind of models and simultaneously becomes an incentive
to perform this calculation. We take the W bosons on shell, but leave the neutral gauge boson off shell. We derive, in
the Feynman–’t Hooft gauge, the anomalous contributions to the form factors parametrizing these interactions and
find finite results. Then, as an interesting case, we consider the heavy–compactification scenario, which we define by
the condition Q2 << 1/R2, where Q is the momentum of the external neutral gauge boson and R is the radius of
the orbifold–compactified extra dimension. The new–physics contributions, which we formerly expressed in terms of
the Passarino–Veltman scalar functions [16], are exhibited as elementary functions of masses and the compactification
scale. The numerical evaluation of the derived expressions then gives an estimation of extra–dimensional effects on
the TGC’s of interest to the present paper for a linear collider with a center–of–mass energy ECM =
√
Q2 = 500 GeV
and different compactification scales, ranging from 1 TeV to 3 TeV.
The organization of this paper is as follows. In Section II we provide some necessary information about the SM
with one UED and the KK theory that it generates after compactification has taken place. Then, in Section III,
we describe our calculation of the CP–even anomalous contributions to the WWV TGC’s and consider the heavy–
compactification scenario. This section also includes a numerical estimation of the extra–dimensional effects on this
interaction and a discussion of results. Our conclusions are presented in Section IV. Finally, we include an Appendix
were the Lagrangian terms contributing to the WWV vertex at the one–loop level are provided.
1 Also referred to as pure SU(N,M5) Yang-Mills [10]
2 SGT can also be fixed, eliminating all gauge invariance from the theory. However, the goals of the present paper do not require it.
3II. THE STANDARD MODEL WITH ONE UNIVERSAL EXTRA DIMENSION
In this section we define our notation and provide a general description of the context within which we shall perform
the phenomenological calculations. We define the five–dimensional model and introduce the KK expansions used in
order to preserve gauge invariance in the transit from five to four dimensions. We then briefly discuss the scheme
to covariantly fix the gauge and supply the corresponding gauge–fixing functions. Finally, we give the appropriate
transformations that set all mass eigenstates. As all these ideas have been addressed extensively in Refs. [9–11], our
discussion is intended to be succinct.
A. The five–dimensional model
Consider a five–dimensional Minkowski spacetime, with mostly negative metric, on which the following Lagrangian
is defined
L5DSM(x, y) = L5DG(x, y) + L5DH(x, y) + L5DC(x, y) + L5DY(x, y); (1)
where all dynamical variables are defined on the five dimensional spacetime. Ordinary four–dimensional coordinates
have been denoted by x whereas the fifth dimension is labeled by y. This five–dimensional Lagrangian, whose gauge
group is SU5(3)C × SU5(2)W × U5(1)Y , is composed by the Gauge (L5DG), Higgs ( L5DH) , Currents (L5DC) and
Yukawa (L5DY) sectors.
The Gauge sector is defined as
L5DG(x, y) = −1
4
GaMN (x, y)GaMN (x, y)−
1
4
W iMN (x, y)W iMN (x, y)−
1
4
BMN (x, y)BMN (x, y). (2)
In this expression and throughout the rest of the paper, Lorentz indices are denoted by M,N, . . . = 0, 1, 2, 3, 5 and
gauge indices corresponding to SU5(3)C and SU5(2)W are denoted by a, b, c, . . . and i, j, k, . . ., respectively. In addition,
greek indices µ, ν, . . . = 0, 1, 2, 3 will label four–dimensional Lorentz indices. Five–dimensional field strengths, GaMN ,W iMN and BMN , are defined by
GaMN (x, y) = ∂MGaN (x, y)− ∂NGaM (x, y) + gs5fabcGbM (x, y)GcN (x, y), (3)
W iMN (x, y) = ∂MW iN (x, y)− ∂NW iM (x, y) + g5ǫijkWjM (x, y)WkN (x, y), (4)
BMN (x, y) = ∂MBN (x, y)− ∂NBM (x, y), (5)
where GaM , W iM and BM represent gauge fields for SU5(3)C, SU5(2)W and U5(1)Y gauge groups, respectively. In
addition, gs5 and g5 are the SU5(3)C and SU5(2)W constant couplings, respectively, both with (mass)
−1/2 units.
Structure constants fabc define the Lie algebra of SU5(3)C, whereas ǫ
ijk (Levi–Civita symbol) defines the Lie algebra
of SU5(2)W . Notice that due to five–dimensional Lorentz symmetry, all vectorial gauge fields are built from five scalar
fields.
The gauge symmetry group SU5(3)C × SU5(2)W × U5(1)Y determines the following infinitesimal transformation
laws:
δGaM (x, y) = D˜abMβb(x, y), (6)
δW iM (x, y) = DijMαj(x, y), (7)
δBM (x, y) = ∂Mα(x, y), (8)
where D˜abM = δab∂M −gs5fabcGcM is the SU5(3)C covariant derivative and DijM = δij∂M −g5ǫijkWkM plays the analogous
role for the SU5(2)W group. The most general infinitesimal gauge transformations are defined by requiring gauge
parameters to propagate in the bulk. In the field–antifield formalism [8], these gauge parameters are recognized as
ghost fields, which, in the UED framework, also propagate in the extra dimension.
The Higgs sector is given by
L5DH(x, y) = (dMΦ)†(x, y)(dMΦ)(x, y)− µ2Φ†(x, y)Φ(x, y)− λ5
[
Φ†(x, y)Φ(x, y)
]2
, (9)
4where µ has units of mass, whereas the units of λ5 are (mass)
−1. The covariant derivative acting on the Higgs doublet
Φ(x, y), with hypercharge Y = 1, is given by
dM = ∂M − ig5σ
i
2
W iM − ig′5
Y
2
BM , (10)
with g′5 representing the U5(1)Y coupling constant and σ
i standing for the Pauli matrices.
The Currents sector reads
L5DC(x, y) =
∑
Le,Lµ,Lτ
iL¯(x, y)ΓM (DML)(x, y) +
∑
Qu
d
,Qcs,Q
t
b
iQ¯(x, y)ΓM (DMQ)(x, y)
+
∑
e,µ,τ
il¯(x, y)ΓM (DM l)(x, y) +
∑
u,c,t
iu¯(x, y)ΓM (DMu)(x, y) +
∑
d,s,b
id¯(x, y)ΓM (DMd)(x, y), (11)
where ΓM = γµ, iγ5, so that the Clifford algebra Γ
MΓN + ΓNΓM = 2gMN , with gMN = diag(1,−1,−1,−1,−1), is
satisfied. In this equation, l is an SU5(2)W singlet which collectively denotes the five–dimensional leptonic fields e, µ,
and τ . There are also up and down five–dimensional quarks SU5(2)W singlets, which are represented by u and d. On
the other hand, L and Q are fermionic SU5(2)W doublets corresponding to leptons and quarks, respectively. These
fermionic doublets are arranged as follows:
Ll =
(
νl
l
)
, Qud =
(
u
d
)
. (12)
Finally, the covariant derivative, DM , is defined as
DM = ∂M − igs5
λa
2
GaM − ig5
σi
2
W iM − ig′5
Y
2
BM , (13)
where λa are the Gell–Mann matrices.
The term for the Yukawa sector is
L5DY(x, y) =
∑
families
[
λl5L¯(x, y)l(x, y)Φ(x, y) + h.c.
]
+
∑
families
[
λu5 Q¯
u
d(x, y)u(x, y)Φ˜(x, y) + h.c.
]
+
∑
families
[
λd5Q¯
u
d(x, y)d(x, y)Φ(x, y) + h.c.
]
, (14)
in which the couplings λl,u,d5 are dimensionful with units of (mass)
−1/2. Besides, we have defined Φ˜(x, y) = iσ2Φ∗(x, y).
We now proceed to compactify and integrate out the fifth dimension in order to obtain a four–dimensional KK
theory. The effective theory so obtained comprises the four–dimensional SM and a rich variety of new interactions.
In the compactification process the full–dimensional gauge invariance will be hidden into the SGT and NSGT. As
this work is aimed to derive corrections to electroweak interactions, henceforth those interactions involving SU5(3)C
gauge fields will be disregarded.
B. Compactification and the four–dimensional dynamical variables
We will study the 5DSM where the extra dimension is compactified on the S1/Z2–orbifold. We denote the radius
of S1 as R. This compactification means that one has periodicity on the extra dimension that will allow us to expand
in Fourier series fields, covariant objects and gauge parameters of the theory; all of which will collectively be denoted
by ϕ(x, y). Therefore one has ϕ(x, y) = ϕ(x, y + 2πR) and the following expansion
ϕ(x, y) =
1√
2πR
ϕ(0)even(x) +
∞∑
n=1
[
1√
πR
ϕ(n)even(x) cos
(ny
R
)
+
1√
πR
ϕ
(n)
odd(x) sin
(ny
R
)]
, (15)
where superscripts within parentheses label Fourier modes. This expansion is known as KK tower. Four–dimensional
object ϕ
(0)
even(x), is known as KK zero mode. When ϕ represents a gauge field, this zero mode is regarded as a low–
energy dynamical variable. Each KK tower also involves an infinite set of four–dimensional functions denoted by
ϕ
(n)
even(x) and ϕ
(n)
odd(x), that are referred to as KK excited modes. For case of fundamental fields, these correspond to
5heavy fields. Our compactification choice on S1/Z2 involves a Z2 symmetry, therefore one may conveniently assume
defined parity properties on the dynamical variables with respect to reflections y → −y. Note from Eq.(15), that
even functions with respect to y will only be mapped to four–dimensional functions ϕ
(0)
even and ϕ
(n)
even; by contrast to
the case of odd functions with respect to y which only yield four–dimensional objects ϕ
(n)
odd. We will assume that the
fundamental gauge fields and the Higgs doublet have the following parity properties and KK expansions:
Gauge fields
W iµ(x, y) = W iµ(x,−y), W iµ(x, y) =
1√
2πR
W (0)iµ (x) +
∞∑
n=1
1√
πR
W (n)iµ (x) cos
(ny
R
)
(16)
W i5(x, y) = −W i5(x,−y), W i5(x, y) =
∞∑
n=1
1√
πR
W
(n)i
5 (x) sin
(ny
R
)
(17)
Bµ(x, y) = Bµ(x,−y), Bµ(x, y) = 1√
2πR
B(0)µ (x) +
∞∑
n=1
1√
πR
B(n)µ (x) cos
(ny
R
)
(18)
B5(x, y) = −B5(x,−y), B5(x, y) =
∞∑
n=1
1√
πR
B
(n)
5 (x) sin
(ny
R
)
(19)
Higgs doublet
Φ(x, y) = Φ(x,−y), Φ(x, y) = 1√
2πR
Φ(0)(x) +
∞∑
n=1
1√
πR
Φ(n)(x) cos
(ny
R
)
(20)
Notice that choosing either even or odd parity is arbitrary and it is a matter of convenience. For instance, in Gauge–
Higgs unification scenarios [17] it is customary to pick even parity for gauge fields with M = 5 so that the resulting
KK towers contain KK zero modes. However, we eliminate such four–dimensional degrees of freedom by choosing
five–dimensional gauge fields to be even for M = µ but to be odd for M = 5.
In five–dimensional frameworks, in which chirality is absent, the S1/Z2–orbifold compactification allows one to
obtain four–dimensional fermionic chiral states and to define SU4(2)L gauge fields distinguishing chirality, as it occurs
in the SM. Five–dimensional Dirac fields, ψ(x, y), transform under parity with respect to the extra dimension as
ψ(x, y) → γ5ψ(x,−y), so we assume the following transformation properties for SU5(2)W –singlets, f(x, y), and
SU5(2)W –doublets, F (x, y):
Fermionic singlets
f(x, y)→ γ5f(x,−y) = f(x, y),
f(x, y) =
1√
2πR
f
(0)
R (x) +
∞∑
n=1
1√
πR
[
fˆ
(n)
R (x) cos
(ny
R
)
+ fˆ
(n)
L (x) sin
(ny
R
)]
(21)
Fermionic doublets
F (x, y)→ γ5F (x,−y) = −F (x, y),
F (x, y) =
1√
2πR
F
(0)
L (x) +
∞∑
n=1
1√
πR
[
F
(n)
L (x) cos
(ny
R
)
+ F
(n)
R (x) sin
(ny
R
)]
(22)
where the KK towers are also shown. We have defined f
(0)
R,L = (1/2)(1 ± γ5)f (0), and analogous definitions for
the KK excited modes f
(n)
R , f
(n)
L , fˆ
(n)
R and fˆ
(n)
L hold. These transformation properties suitably generate, at the
four–dimensional level, only right–handed singlets and left–handed doublets.
C. Preserving gauge invariance in the Kaluza–Klein theory
As one can appreciate in Eq.(15), all the dependence on y of covariant objects and gauge parameters is situated
in trigonometric functions, hence one can straightforwardly integrate out the extra–dimensional coordinate in the
6fundamental action to obtain the effective action
Seff =
∫
d4xLKK(x) (23)
The gauge structure of the fundamental theory determines the gauge structure of LKK. As it can be seen from Eq.
(15), at the four–dimensional level there is an infinite number of gauge parameters, each one of them defining a gauge
transformation.
As it was pointed out in Refs. [9, 10], and implemented to the whole 5DSM in Ref. [11], one obtains a KK
theory invariant under an infinite number of gauge transformations by expanding five–dimensional covariant objects.
Such expansions engender four–dimensional structures that can be fairly considered as gauge–covariant objects. As
mentioned in the Introduction, the gauge transformations of the effective KK theory can be divided into two types.
One of them, the SGT, consistently coincides with the usual SM variations. Explicitly, the KK modes supplied from
the five–dimensional gauge and Higgs sectors transform under the SGT as
δsW
(0)i
µ = D(0)ijµ α(0)j , δsW (n)iµ = gǫijkW (n)jµ α(0)k, δsW (n)i5 = gǫijkW (n)j5 α(0)k, (24)
δsB
(0)
µ = ∂µα
(0), δsB
(n)
µ = 0, δsB
(n)
5 = 0 , (25)
δsΦ
(0) = −
(
ig
σi
2
α(0)i + ig′
Y
2
α(0)
)
Φ(0), δsΦ
(n) = −
(
ig
σi
2
α(0)i + ig′
Y
2
α(0)
)
Φ(n), (26)
where the α(0)i and α(0) represent, respectively, the KK zero modes of the SU5(2)W and U5(1)Y gauge parameters,
while g and g′ are the dimensionless four–dimensional couplings corresponding, respectively, to the SU4(2)L and U4(2)Y
gauge groups. The relations linking the four–dimensional couplings with the extra–dimensional ones are g
√
2πR = g5
and g′
√
2πR = g′5. We remark that this set of gauge transformations are defined exclusively by zero modes of gauge
parameters. Note also that the zero modes W
(0)i
µ , B
(0)
µ transform as gauge fields, while the corresponding KK excited
modes W
(n)i
µ and B
(n)
µ , as well as the scalars W
(n)i
5 and B
(n)
5 , transform as matter fields. There is an infinite number
of other gauge transformations, the NSGT, that possess an involved structure
δnsW
(0)i
µ = gǫ
ijkW (n)jµ α
(n)k, δnsW
(n)i
µ = D(nm)ijµ α(m)j , δnsW (n)i5 = D(nm)ij5 α(m)j , (27)
δnsB
(0)
µ = 0, δnsB
(n)
µ = ∂µα
(n), δnsB
(n)
5 = −
n
R
α(n) , (28)
δnsΦ
(0) = −
(
ig
σi
2
α(n)i + ig′
Y
2
α(0)
)
Φ(n), δnsΦ
(n) = −
(
ig
σi
2
α(m)i + ig′
Y
2
α(m)
)(
δnmΦ(0) +∆nsmΦ(s)
)
, (29)
where we have defined
D(nm)ijµ = δnmD(0)ijµ − gǫijk∆nsmW (s)kµ , (30)
D(nm)ij5 = −δnmδij
n
R
− gǫijk∆′nsmW (s)k5 . (31)
The symbol ∆nsm is defined in terms of products and sums of Kronecker deltas. However, the explicit form of this
object is not necessary to achieve the goals of this paper. Einstein’s summation convention is also used for Fourier
modes, each sum starting from 1. The NSGT are determined just by excited modes of gauge parameters, in this
case by α(n)j and α(n) which correspond to excited modes of SU5(2)W and U5(1)Y gauge paramters. The form of
these transformations reveal a quite different nature of the KK excited modes W
(n)j
µ when comparing them with the
corresponding SGT; these fields transform as gauge fields through the object D(mn)ijµ . The excited modes B(n)µ are
clearly also gauge fields with respect to the NSGT. The zero modes W
(0)
µ , on the other hand, have a transformation
law under the NSGT that resembles the variations of matter fields, but with a more intricate functional form that
contains an infinite sum and indicates that they are not gauge fields under the NSGT. The scalars W
(n)i
5 and B
(n)
5
play the the interesting role of pseudo–Goldstone bosons similar to those occurring in the Higgs mechanism. However,
in contrast with systems where spontaneous symmetry breaking takes place, in the compactification scenario there are
not broken gauge generators [10]. There exists a gauge in which these type of pseudo–Goldstone bosons are removed
from the effective theory, and simultaneously the KK excited modes of gauge fields with four–dimensional spacetime
indices become massive [9]. This fact is remarkable and indicates that some KK excited modes can be turn massive,
no matter whether they come from a massless five–dimensional field.
7D. A covariant gauge–fixing procedure
The divergent behaviour of path integrals involved in the quantization of gauge systems arises because of the exis-
tence of a set of physically equivalent configurations connected to each other by gauge transformations. The inclusion
in path integrals of extra degrees of freedom due to gauge invariance triggers such divergent comportment, which must
be removed by fixing the gauge. In the literature [18], different schemes to fix the gauge in extra–dimensional gauge
theories have been proposed. In the present paper, we use the gauge–fixing procedure, of renormalizable type, that
was propounded in Refs. [9, 11]. This method is based on the covariant gauge–fixing scheme given in Ref. [14], where
it was applied to the so–called 331 models [19]; it shows an unconventional approach possessing the spirit of other
schemes such as the one introduced by Fujikawa [20], the background–field method [21], and the pinch technique [22].
The main feature of these approaches is that they yield quantized theories in which part of the gauge invariance still
remains. Since the KK theory discussed in this paper is separately invariant under the SGT and NSGT, it gives us
the possibility to remove the gauge invariance part associated to the NSGT, and maintain SGT invariance of the
quantum Lagrangian. The approach followed in Refs. [9, 11] to fix the gauge in extra–dimensional gauge theories not
only is interesting from a theoretical perspective, but also implies valuable simplifications in phenomenological calcu-
lations [13]. This useful behavior has been also pointed out and exploited in contexts other than extra–dimensional
theories [14].
A complete discussion on the quantization of the KK theory conceived in the 5DSM can be found in Ref. [11], where
the derivation of the quantum Lagrangian, LqKK, is carried out within the framework of Becchi–Rouet–Stora–Tyutin
symmetry [23], and the result is expressed as
LqKK = LKK + LGF + LFPG; (32)
where LGF represents the gauge–fixing term and LFPG stands for the Faddeev–Popov ghost term. The gauge fixing
term is given by
LGF = − 1
2ξ
(
f
(n)i
ξ f
(n)i
ξ + f
(n)
ξ f
(n)
ξ
)
, (33)
with gauge–fixing functions f
(n)i
ξ defined as
f
(n)i
ξ = D(0)ijµ W (n)jµ − ξ
( n
R
)
W
(n)i
5 + igξ
(
Φ(n)†
σi
2
Φ(0) − Φ(0)†σ
i
2
Φ(n)
)
(34)
introduced in the W
(n)i
µ sector, and gauge–fixing functions f
(n)
ξ
f
(n)
ξ = ∂µB
(n)µ − ξ
( n
R
)
B
(n)
5 + ig
′ξ
(
Φ(n)†
Y
2
Φ(0) − Φ(0)† Y
2
Φ(n)
)
(35)
supplied for the B
(n)
µ sector. These functions, which transform covariantly under the SGT, incorporate gauge depen-
dence through the gauge–fixing parameter, denoted by ξ. It is worth to mention that these gauge functions introduce
modifications to some vertices of the theory, among which one finds the elimination of the unphysical bilinear and
trilinear couplings W
(n)i
µ W
(n)i
5 and W
(0)i
µ W (n)jµW
(n)k
5 , as well as the couplings B
(n)
µ B
(n)
5 . The gauge–fixing functions
also enter the Faddeev–Popov ghost sector, which then inherits gauge dependence. This covariant gauge–fixing pro-
cedure introduces simplifications on phenomenological calculations that involve pseudo–Goldstone bosons and ghost
fields; to be more explicit, the contributions from the ghost sector are equal to minus twice the contributions produced
by the pseudo–Goldstone bosons.
E. Definitions of mass eigenstates
In this section, we provide the definitions of mass eigenstates of KK excited modes. The mass eigenstates of SM
fields are defined as usual. Recall that at tree level all masses of KK excited modes come from both, compactification
and spontaneous symmetry breaking. Through the rest of this paper, we will use the definition mn = n/R ≡ nMc,
where Mc represents the compactification scale.
8The mass of a KK zero–mode field ϕ(0), which is a SM dynamical variable, is denoted bymϕ(0) . The mass eigenstates
for the KK excited gauge modes W
(n)i
µ and B
(n)
µ are defined, in an analogous way to the SM fields, as
W (n)+µ =
1√
2
(
W (n)1µ − iW (n)2µ
)
, (36)
W (n)−µ =
1√
2
(
W (n)1µ + iW
(n)2
µ
)
, (37)
Z(n)µ = cwW
(n)3
µ − swB(n)µ , (38)
A(n)µ = swW
(n)3
µ + cwB
(n)
µ , (39)
where sw and cw denote the sine and cosine of the weak mixing angle, respectively. Notice that the we make use of
the same rotation matrix that defines the SM photon and the Z boson to define their KK–excited–modes replicas.
Masses of these KK excited modes are
mW (n) =
√
m2
W (0)
+m2n for W
(n)±
µ , (40)
mZ(n) =
√
m2
Z(0)
+m2n for Z
(n)
µ , (41)
mA(n) = mn for A
(n)
µ . (42)
The KK excited modes of the Higgs doublet are arranged as
Φ(n) =

 φ(n)+
H(n) + iφ
(n)
im

 (43)
where H(n) and φ
(n)
im are real scalar fields, whereas φ
(n)+ is a charged field that is related to the non–self–conjugate
field φ(n)− by φ(n)− =
(
φ(n)+
)†
. The mass of the neutral–scalar H(n) is related to that of the SM Higgs boson, so
that it is given by
mH(n) =
√
m2
H(0)
+m2n . (44)
We define now the charged unphysical scalars W
(n)±
5 =
1√
2
(
W
(n)1
5 ∓ iW (n)25
)
, and they will be combined with the
charged scalars φ(n)± to define the charged physical scalars H(n)±, with mass mW (n) , and the pseudo–Goldstone
bosons G±
W (n)
as follows:
H(n)+ = cos(nW (0))φ
(n)+ + i sin(nW (0))W
(n)+
5 , (45)
H(n)− = cos(nW (0))φ
(n)− − i sin(nW (0))W (n)−5 , (46)
G+
W (n)
= sin(nW (0))φ
(n)+ − i cos(nW (0))W (n)+5 , (47)
G−
W (n)
= sin(nW (0))φ
(n)− + i cos(nW (0))W
(n)−
5 , (48)
where the mixing angle nW (0) is determined by the relation
tannW (0) =
mW (0)
(n/R)
≡ mW (0)
mn
. (49)
Concerning neutral scalars, we perform the rotation
 W (n)35
B
(n)
5

 =

 cw sw
−sw cw



 Wˆ (n)35
GA(n)

 , (50)
9which defines the pseudo–Goldstone boson
GA(n) = swW
(n)3
5 + cwB
(n)
5 , (51)
associated to the gauge boson A
(n)
µ . The scalar Wˆ
(n)3
5 plays a role in the definition of neutral–boson mass eigenstates
as it is merged by a rotation with the neutral scalar φ
(n)
im to give rise to
h(n) = cos(nZ(0))φ
(n)
im − sin(nZ(0)) Wˆ (n)35 , (52)
GZ(n) = sin(nZ(0))φ
(n)
im + cos(nZ(0)) Wˆ
(n)3
5 , (53)
where the mixing angle nZ(0) is obtained from
tannZ(0) =
mZ(0)
mn
. (54)
The KK–excited field h(n) is a physical neutral scalar3 with mass mZ(n) , whereas GZ(n) is the pseudo–Goldstone boson
associated with the KK–excited mode Z
(n)
µ .
The definition of fermionic mass eigenstates of KK excited modes is more intricate, as it involves two rotations, the
first of which is performed in flavor space. This first step is accomplished similarly to that of the SM fields. In flavor
space, one defines
E(n)L,R =


e(n)
µ(n)
τ (n)


L,R
, N (n)L,R =


ν
(n)
e
ν
(n)
µ
ν
(n)
τ


L,R
, Eˆ(n)L,R =


eˆ(n)
µˆ(n)
τˆ (n)


L,R
, (55)
D(n)L,R =


d(n)
s(n)
b(n)


L,R
, U (n)L,R =


u(n)
c(n)
t(n)


L,R
, Dˆ(n)L,R =


dˆ(n)
sˆ(n)
bˆ(n)


L,R
, Uˆ (n)L,R =


uˆ(n)
cˆ(n)
tˆ(n)


L,R
, (56)
and uses the unitary transformations
E ′(n)L,R = V eL E(n)L,R, Eˆ ′(n)L,R = V eR Eˆ(n)L,R, (57)
D′(n)L,R = V dL D(n)L,R, Dˆ′(n)L,R = V dR Dˆ(n)L,R, (58)
U ′(n)L,R = V uL U (n)L,R, Uˆ ′(n)L,R = V uR Uˆ (n)L,R, (59)
for flavor triplets of charged leptons and quarks. Unitary matrices V eL , V
u
L and V
d
L are the same we used in order
to define the mass eigenstates of fermionic zero modes. Neutrino flavor triplets, N (n)L,R are demanded to transform as
their corresponding leptonic charged partners, so that
N ′(n)L,R = V eL N (n)L,R. (60)
These transformations allow us to define the mass eigenstates of KK excited modes of neutrinos, which is not the case
of charged leptons and quarks, for they must be subjected to a further stage. The idea is that these fermionic fields
3 In Ref. [11], the scalar h(n) was denoted by A(n). We have changed this notation in order to avoid confusion involving the KK modes
A
(n)a
M
.
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can be fit into doublets associated to certain KK–flavor space:
 e′(n)
eˆ′(n)


L,R
,

 u′(n)
uˆ′(n)


L,R
,

 d′(n)
dˆ′(n)


L,R
, (61)
with e′(n) and eˆ′(n) collectively denoting charged leptons, u′(n) and uˆ′(n) denoting up–type quarks, and d′(n) and dˆ′(n)
being down–type quarks. The final transformation that completes the deduction of mass eigenstates uses the unitary
transformations
VL =


cos
(nf(0)
2
)
sin
(nf(0)
2
)
sin
(nf(0)
2
)
−cos
(nf(0)
2
)

 , VR =


cos
(nf(0)
2
)
−sin
(nf(0)
2
)
sin
(nf(0)
2
)
cos
(nf(0)
2
)

 , (62)
where the mixing angle nf(0) is given by
tannf(0) =
mf(0)
mn
. (63)
These matrices rotate left and right doublets as
 f ′(n)
fˆ ′(n)


L,R
= VL,R

 f˜ (n)
˜ˆ
f (n)


L,R
, (64)
in which the fermionic mass eigenstates are the f˜ (n) and
˜ˆ
f (n) fields. These fields are degenerate as their masses is
given by
mf(n) =
√
m2
f(0)
+m2n. (65)
Now that we have derived all proper mass eigenstates, we simplify our notation by representing the fermionic mass
eigenstates from here on simply by f (n) and fˆ (n).
III. CONTRIBUTIONS TO THE WWV INTERACTION FROM UNIVERSAL EXTRA DIMENSIONS
Through this section, we sketch the calculation of the CP–even contributions to the TGC’s WWV , with V =
γ(0), Z(0), from the SM with one UED. In Ref. [13], a calculation of the extra–dimensional contributions from the
gauge sector of the 5DSM to the TGC’s WWV was performed. In the present paper we extend that derivation by
including contributions from the rest of the extra–dimensional sectors. We first provide such contributions in terms
of Passarino–Veltman scalar functions within a heavy–compactification scenario in which the compactification scale,
Mc = 1/R, is large enough to take the mass spectrum of the KK excited modes to be degenerate. In other words, we
assume that the mass mϕ(n) of any KK excited mode ϕ
(n) is given by mϕ(n) ≈ mn. Then, under such circumstances,
we solve the scalar functions and express the extra–dimensional contributions in terms of elementary functions. The
whole calculation is made in the covariant gauge–fixing procedure of Ref. [11] withinn the non–linear Feynman–’t
Hooft gauge, ξ = 1. We take the W bosons on–shell but keep the neutral V bosons off–shell.
A. Parametrization of new–physics effects on the WWV vertex
In general, the search for new–physics can be carried out either by directly producing new heavy states at colliders
or by investigating the heavy–physics virtual effects on SM observables. Even if the production of KK modes could
be achieved at the Large Hadron Collider (LHC), their determination would be challenging [24–26]. The cleanest way
in which the LHC would determine the extra–dimensional nature of the observed effects is the production of second
KK modes. The possibility of the lightest KK particle to model [27] dark matter favors a mass scale for such particle
as large as 1.3 TeV [28] , which makes it unlikely to produce these second KK states at the LHC. The usage of a
linear collider to study the virtual effects of KK modes on SM observables, on the other hand, would make [25, 26]
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the desired discrimination easier to reach, as an unambiguous measure of the spin of a first–stage KK particle could
be accomplished, and their interactions with SM particles accurately quantified through the detailed examination
of virtual effects of KK modes on low–energy physics. To this respect, the importance of analyses of TGC’s lies
on the possibility that hints on an ultraviolet completion could manifest as contributions to such interactions. The
calculation of corrections from SM extensions to TGC’s is an option to study high–energy physics by analyzing the
outcomes generated by virtual effects. From the perspective of effective field theory, the effects of physics beyond the
SM on TGC’s involving charged gauge bosons are expected to be more important than the impact of such new physics
on neutral TGC’s, for the first new–physics effects on the former are parametrized by nonrenormalizable operators
of mass–dimension six, while the less–suppressed contributions to the latter are produced by mass–dimension–eight
operators [29].
In space–time, the CP–even high–energy–physics contributions to the WWV interaction are parametrized [30] by
the Lagrangian
LWWV = −igV
{
gV1
(
W (0)+µν W
(0)−µV (0)ν −W (0)−µν W (0)+µV (0)ν
)
+κV W
(0)+
µ W
(0)−
ν V
(0)µν +
λV
m2W
W (0)+µν W
(0)−νρV (0)ρ
µ
}
, (66)
whereW
(0)±
µν = ∂µW
(0)±
ν −∂νW (0)±µ and V (0)µν = ∂µV (0)ν −∂νV (0)µ , while the couplings gV are given by gγ(0) = sw g and
gZ(0) = cw g. As we are interested in the contributions from new physics, we are assuming that the parameters in this
Lagrangian do not include the SM part, so that they only involve the extra–dimensional contributions. Notice that,
as we are parametrizing physics beyond the electroweak scale, the parameter λV should be proportional to m
2
W /M
2
c
for a large compactification scale. Another parametrization, which we will use for our calculations, is given [31] in the
FIG. 1: The WWV vertex.
space of vertex functions. Following the conventions of Fig. (1), the WWV vertex–function parametrization reads
ΓVµαβ = −igV
{
gV1 [2 pµgαβ + 4(qβgαµ − qαgβµ)] + 2∆κV (qβgαµ − qαgβµ) +
4∆QV
m2W
pµ
(
qαqβ − 1
2
q2gαβ
)}
, (67)
where only the transversal degrees of freedom of the external neutral boson have been left. In the case where the
vertex–function parameters are constant, the relations
∆κV = κV + λV − gV1 , (68)
∆QV = −2λV , (69)
hold. When taking the external neutral boson to be an on–shell photon, these form factors define the CP–even static
electromagnetic properties of the W boson by means of
µW =
e
2mV
(2 + ∆κγ), (70)
QW = − 2
m2W
(1 + ∆κγ +∆Qγ), (71)
where µW is the magnetic dipole moment and QW is the electric quadrupole moment.
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B. Universal extra dimensions effects on the anomalous WWV form factors
After performing all KK expansions in the fashion discussed in the last section, integrating out the extra dimension
in the effective action, carrying out quantization with the covariant gauge–fixing procedure depicted, and passing to
the mass–eigenstates basis, one obtains a KK quantum Lagrangian, LqKK, that we split as
LqKK = LSM + L1−loopKK + LheavierKK . (72)
The LSM part represents the low–energy description, that is, the SM, while the term L1−loopKK includes all couplings
involving KK zero and excited modes that contribute to SM Green’s functions at the one–loop level. The LheavierKK
Lagrangian contains KK–modes couplings that introduce corrections to low–energy Green’s functions at the two–loop
level and higher orders. The main objective of the present paper is the calculation of one–loop contributions from the
5DSM to the TGC’s WWV , so we specifically concentrate on the new–physics effects provided by L1−loopKK , which we
subdivide into
L1−loopKK = L1−loopG + L1−loopS + L1−loopF + · · · , (73)
where those terms that do not contribute to the one–loop WWV vertex have not been considered and their presence
has been only implicitly indicated thorough ellipsis. All the terms shown do produce one–loop corrections to the
WWV interaction and have been labeled according to the extra–dimensional sector that gave rise to them: the
purely–gauge term L1−loopG involves couplings of gauge bosons, pseudo–Goldstone bosons and ghost fields KK excited
modes to gauge zero modes and comes from the five–dimensional gauge sector; the scalar contributing term L1−loopS ,
which is produced by the scalar sector of the 5DSM, comprises tree–level vertices associated to interactions of scalar
and gauge KK–excited modes with gauge zero modes, and interactions of scalar KK modes with gauge zero modes
as well; and the fermionic sector L1−loopF comes in terms of KK excited fermions coupled to gauge zero modes, whose
origin is the fermionic sectors of the extra–dimensional description. The explicit expressions of these Lagrangians can
be found in Appendix A.
The one–loop extra–dimensional contributions to the WWV vertex are generated by the diagrams shown in Figs.
(2) to (5). We have found that the extra–dimensional contributions to gZ1 are, as expected in any renormalizable
theory, divergent. The interaction associated to such form factor appears in the SM classical action, so that it must
be renormalized. The form factor ∆κV is also related to an interaction already present at the classical level, but an
anomalous contribution arises in this case. In what follows, we concentrate only on the form factors ∆κV and ∆QV .
We classify the CP–even contributions from the 5DSM to such form factors according to whether the contributing
diagrams contain at least one pure–gauge vertex or not. By pure–gauge vertex we mean a tree–level interaction
involving only gauge KK zero and/or excited modes. With this in mind, we express the ∆κV and ∆QV form factors
as
∆κV = ∆κ
GNBC
V +∆κ
NGC
V , (74)
∆QV = ∆Q
GNBC
V +∆Q
NGC
V . (75)
The diagrams contributing to ∆κGNBCV and ∆Q
GNBC
V , which we exhibit in Fig. (2), incorporate one or more pure–
gauge vertices. In the case of such diagrams, the external SM neutral boson always couples to a pair of gauge KK
excited modes, although the SM W bosons can couple to a scalar, as it occurs in diagrams (h) and (i). On the
other hand, the structure of any pure–gauge coupling involving SM bosons and KK excited modes is not distorted by
spontaneous symmetry breaking, which is a situation that particularly occurs in the case in which a neutral SM boson
is involved. This suggests that the contributions from these diagrams are governed by the SU4(2)L gauge group, so
that we refer to them as gauge neutral–boson contributions (GNBC). For the ∆κNGCV and ∆Q
NGC
V form factors, whose
contributing diagrams have been distributed in Figs. (3) to (5), we use the name non–gauge contributions (NGC),
because, contrastingly to the GNBC, they are affected by electroweak symmetry breaking. The diagrams associated
to NGC come from the five–dimensional scalar sector and from the fermionic one, being different to each other in the
way that KK excited modes couple to SM gauge bosons. We have separated the NGC into: i) those contributions,
denoted by ∆κGSV and ∆Q
GS
V , generated by diagrams that include three–level couplings of a SM neutral boson to
scalars and an internal line representing a gauge KK excited mode, which we exhibit in Fig. (3); ii) those coming from
diagrams incorporating scalar loops, shown in Fig. (4), and referred to as ∆κSV and ∆Q
S
V ; and iii) those represented
by ∆κFV and ∆Q
F
V and produced by diagrams involving fermionic loops, given in Fig. (5). This is written as
∆κNGCV = ∆κ
GS
V +∆κ
S
V +∆κ
F
V , (76)
∆QNGCV = ∆Q
GS
V +∆Q
S
V +∆Q
F
V . (77)
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A distinctive feature of the UED framework, first pointed out in Ref. [3], is the particular importance of one–
loop calculations in models incorporating this sort of extra dimensions. The source of this meaningful property is
conservation of momentum in compact extra dimensions, which, at the four–dimensional level, is translated into
KK–number conservation. The S1/Z2 orbifold compactification breaks conservation of KK number to conservation of
KK parity, which has the consequence that KK excited modes cannot be single–produced at tree level. This means
that there are no tree–level contributions to low–energy observables, but the very first corrections enter at the one–
loop level. Indeed, this is the reason behind the relatively weak constraints on the compactification scale associated
to this sort of extra–dimensional models. The ATLAS Collaboration performed [32] an analysis that centered in
searching for squarks and gluinos in events containing jets, missing transverse momentum and no electrons or muons.
The results of such paper were reinterpreted [33] in the context of UED, setting the bound Mc > 600GeV under
sensible assumptions related to the energy scale associated with the higher–energy description lying beyond extra–
dimensional physics. A recent investigation [34], which combined the latest LHC data provided by the ATLAS and
CMS collaborations, constrained the compactification scale, finding that Mc > 500GeV is still allowed within a
very narrow region around a value for the mass of the Higgs boson amounting to mH(0) = 125GeV, while around
mH(0) = 118GeV only a compactification scale as large asMc > 1000GeV would be still consistent. We then consider
the heavy–compactification scenario, which we define by the relation Q2 << M2c , with Q = 2q standing for the
incoming momentum of the neutral gauge boson V . This framework allows us to take the compactification scale to be
large enough so that the mass spectrum of the KK modes is degenerate. In other words, we take the approximation
that the mass of any KK excited mode is given by mn ≈ n/R. All the results that we show below are given in terms
of the dimensionless variables yϕ ≡ m2ϕ(0)/m2n and yQ = Q2/m2n. The degenerate mass spectrum of KK modes greatly
simplifies all results, which can be written in terms of only four Passarino–Veltman scalar functions. In order not to
clutter up the notation, we define B0(1) ≡ B0(0,m2n,m2n), B0(2) ≡ B0(m2W (0) ,m2n,m2n), B0(3) ≡ B0(Q2,m2n,m2n), and
C0(m
2
W (0)
,m2
W (0)
, Q2,m2n,m
2
n,m
2
n). All results are shown in such a way that the cancelation of ultraviolet divergences
is explicit.
V ∗µ
W+α
W (n)± W (n)±
A(n) W
−
β
(a)
V ∗µ
W+α
W (n)± W (n)±
Z(n) W
−
β
(b)
W+α W
−
β
V ∗µ
W (n)± W (n)±
(c)
V ∗µ
W+α W
−
β
A(n)
W (n)±
(d)
V ∗µ
W+α W
−
β
Z(n)
W (n)±
(e)
V ∗µ
W+α W
−
β
A(n)
W (n)±
(f)
V ∗µ
W+α W
−
β
Z(n)
W (n)±
(g)
V ∗µ
W+α
W (n)± W (n)±
H(n) W
−
β
(h)
V ∗µ
W+α
W (n)± W (n)±
h(n) W
−
β
(i)
FIG. 2: Contributing one–loop diagrams that involve at least one pure–gauge vertex. Diagrams (a)–(g) only involve KK excited
modes that arise from the five–dimensional pure–gauge sector, whereas diagrams (h) and (i) also contain scalar KK excited
modes that originate in the five–dimensional Higgs sector.
As we noticed, the GNBC are supplied by the one–loop diagrams shown in Fig. (2). It is important to stress that, in
addition to these diagrams, the contributions from pseudo–Goldstone bosons and ghost fields are taken into account,
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even when the corresponding diagrams are not shown in Fig. (2). The diagrams incorporating pseudo–Goldstone
bosons and ghosts are similar to the diagrams solely containing gauge–bosons, and all of them, but the triangular
ones, vanish. The expressions for the GNBC read
∆κGNBCV =
g2
96π2
∞∑
n=1
1
(4yW − yQ) 3
{
640yQyW [B0(1)− 2B0(2) +B0(3)]− 1280y2W [B0(1)− 3B0(2) + 2B0(3)]
−80y2Q [B0(1)−B0(2)] +
1
yW + 1
(
− 96y3Q (yW + 1) + 2y2QyW (554yW + 581)
−8yQy2W (617yW + 671) + 288y3W (20yW + 23)
)
[B0(2)−B0(3)]
+
6m2nyW
yW + 1
(
− 12yQ (yW (yW + 15) + 20) yW + 3y2Q (yW (8yW + 25) + 20) + 16 (4yW − 5) y3W
)
C0
+20yW (yQ − 4yW ) (3yQ + 8yW )
}
(78)
∆QGNBCV =
g2
96π2
∞∑
n=1
1
(4yW − yQ) 3
{
160yQyW [B0(1) + 2B0(2)− 3B0(3)] + 2560y
3
W
yQ
[B0(1)−B0(3)]
−1280y2W [B0(1) +B0(2)− 2B0(3)] +
160yW
(
5yQy
2
W + y
2
QyW − 6y3W
)
yQ
[B0(2)−B0(3)]
+
240m2nyW
(−2y2Q (yW − 3) yW + 4yQ (yW − 3) y2W − y3Q − 4 (yW − 4) y3W )
yQ
C0
+
40yW
(
6y2QyW − 20yQy2W − y3Q + 48y3W
)
yQ
}
(79)
V ∗µ
W+α
H(n)± H(n)±
Z(n) W
−
β
(a)
V ∗µ
W+α
H(n)± H(n)±
A(n) W
−
β
(b)
FIG. 3: One–loop diagrams including an internal gauge KK excited boson and couplings among KK scalar excitations to SM
gauge bosons.
The diagrams of Fig. (3) produce NGC given by
∆κGSV =
g2
96π2c2w
∞∑
n=1
3GV
(
2s2w − 5
)
yW
(4yW − yQ) (1 + yW )
{
2 [B0(2)−B0(3)]−m2n (yQ − 2yW )C0
}
(80)
∆QGSV = 0 (81)
with the definitions
GV = G(γ(0),Z(0)) =
(
1, 1− 1
2c2w
+O(yW )
)
. (82)
The NGC from scalar KK excited modes through diagrams with scalar loops, which we provide in Fig. (4), contribute
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V ∗µ
W+α
H(n)± H(n)±
h(n) W
−
β
(a)
V ∗µ
W+α
H(n)± H(n)±
H(n) W
−
β
(b)
W+α W
−
β
V ∗µ
H(n)± H(n)±
(c)
V ∗µ
W+α W
−
β
h(n)
H(n)±
(d)
V ∗µ
W+α W
−
β
H(n)
H(n)±
(e)
V ∗µ
W+α W
−
β
h(n)
H(n)±
(f)
V ∗µ
W+α W
−
β
H(n)
H(n)±
(g)
FIG. 4: One–loop diagrams without pure–gauge vertices and involving scalar interactions. The amplitude associated with each
diagram (c)− (g) vanishes identically.
to the ∆κV and ∆QV form factors as
∆κSV =
g2
96π2
∞∑
n=1
GV (4cw (cwyW + 1)− 1)
(4yW − yQ) 3(1 + yW )2
{
32yQy
2
W [B0(1)− 2B0(2) +B0(3)]
−64y3W [B0(1)− 3B0(2) + 2B0(3)]− 4y2QyW [B0(1)−B0(2)]
−yW
(
y2QyW + 26yQy
2
W
)
[B0(2)−B0(3)]− 6m2nyW
(−y2QyW (yW + 3)− yQ (yW − 12) y2W )C0
−yW
(
4yQy
2
W − 3y2QyW + 32y3W
)}
(83)
∆QSV =
g2
96π2
∞∑
n=1
GV (4cw (cwyW + 1)− 1)
(4yW − yQ) 3(1 + yW )2
{
− 64y3W [B0(1) +B0(2)− 2B0(3)]
+8y2W yQ [B0(1) + 2B0(2)− 3B0(3)] +
128y4W
yQ
[B0(1)−B0(3)]
−8y
2
W
(−5yQy2W − y2QyW + 6y3W )
yQ
[B0(2)−B0(3)]
−12m
2
ny
2
W
(
2y2Q (yW − 3) yW − 4yQ (yW − 3) y2W + y3Q + 4 (yW − 4) y3W
)
yQ
C0
−2y
2
W
(−6y2QyW + 20yQy2W + y3Q − 48y3W )
yQ
}
(84)
The NGC from fermionic KK excited modes come from the diagrams shown in Fig. (5). Notice that diagrams (k)
and (l ) involve charged currents characterized by a sort of KK flavor mixing among leptonic KK excited states e
(n)
i
and eˆ
(n)
i . Each of these couplings incorporates a γ
5 matrix, but, as there are two of such KK–flavor–changing charged
currents in each of these diagrams, the γ5 matrices cancel, and the resulting expression is CP–even. The NGC from
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FIG. 5: One–loop diagrams without pure–gauge vertices and involving fermionic currents. Diagrams (a)–(h) are composed of
interactions of KK excited modes of five–dimensional quarks with zero modes of extra–dimensional gauge fields. KK excited
modes involved in diagrams (i)–(l) are generated exclusively by five–dimensional leptons.
all diagrams to the ∆κV and ∆QV form factors are then
∆κFV =
g2
96π2
∞∑
n=1
[
FV,1
(4yW − yQ) 3
{
− 128yQyW [B0(1)− 2B0(2) +B0(3)]
+256y2W [B0(1)− 3B0(2) + 2B0(3)] + 16y2Q [B0(1)−B0(2)]
+4
(
y2QyW + 26yQy
2
W
)
[B0(2)−B0(3)]− 24m2n
(
y2QyW (yW + 3) + yQ (yW − 12) y2W
)
C0
−4 (−4yQy2W + 3y2QyW − 32y3W )}
+
FV,2
(4yW − yQ) 3
{
− 128yQyW [B0(1) + 4B0(2)− 5B0(3)]
+256y2W [B0(1) + 3B0(2)− 4B0(3)] + 16y2Q [B0(1) + 5B0(2)− 6B0(3)]
+4
(
y2QyW + 26yQy
2
W
)
[B0(2)−B0(3)]− 24m2n
(
y2QyW (yW − 5) + y3Q + yQ (yW + 4) y2W
)
C0
−4 (−4yQy2W + 3y2QyW − 32y3W )}
]
(85)
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∆QFV =
g2
96π2
∞∑
n=1
FV,1 + FV,2
(4yW − yQ) 3
{
− 32yQyW [B0(1) + 2B0(2)− 3B0(3)]
+256y2W [B0(1) + B0(2)− 2B0(3)]−
512y3W
yQ
[B0(1)−B0(3)]
+
32yW
(−5yQy2W − y2QyW + 6y3W )
yQ
[B0(2)−B0(3)]
+
48m2nyW
(
2y2Q (yW − 3) yW − 4yQ (yW − 3) y2W + y3Q + 4 (yW − 4) y3W
)
yQ
C0
+
8yW
(−6y2QyW + 20yQy2W + y3Q − 48y3W )
yQ
}
, (86)
with the FV,i overall factors given by
Fγ,1 =
∑
families
[|Kud|2 − 1 +O(ye)] , (87)
Fγ,2 =
∑
families
O(ye), (88)
FZ,1 =
∑
families
[1 +O(yu, yd, ye)] , (89)
FZ,2 =
∑
families
O(ye). (90)
In performing this calculation, we have neglected the contributions involving off–diagonal entries of the Kobayashi–
Maskawa matrix. So, in these expressions Kud is an entry of the Kobayashi–Maskawa matrix diagonal, whose labels
are u (standing for a zero–mode up–type quark) and d (representing a zero–mode down–type quark).
Within the heavy–compactification scenario, the Passarino–Velman scalar functions involved in the results can be
easily solved through the Feynman–parameters technique to obtain expansions suppressed by powers of the compact-
ification scale. Besides yielding simpler forms of the contributions, this procedure allows one to perform the infinite
KK sums in an exact way. The terms comprised by the resulting expressions are all suppressed by powers of the
compactification scale. The higher the power of the compactification scale in a given term, the greater the suppression
of its contributions, so that we keep terms involving factors 1/M2c and disregard those involving higher powers of the
compactification scale. With this in mind, we write the ∆κGNBCV and ∆Q
GNBC
V form factors as
∆κGNBCV =
1
M2c
απ
432s2w
(
Q2 − 4m2
W (0)
)
2
[
− 48 (Q2)3
+m2W (0)
(
2mW (0)
(
−646Q2mW (0) + 504m3W (0) − 45
(
Q2
)3/2)
+ 527
(
Q2
)2) ]
+O(1/M4c ), (91)
∆QGNBCV =
1
M2c
5απm2
W (0)
108s2w
√
Q2
(
Q2 − 4m2
W (0)
)
2
[
− 3 (Q2)5/2
+mW (0)
(
2mW (0) +
√
Q2
)(
mW (0)
(
−8
√
Q2mW (0) + 6m
2
W (0) +Q
2
)
+ 3
(
Q2
)3/2) ]
+O(1/M4c ),(92)
where α denotes the fine–structure constant. The ∆κGSV and ∆Q
GS
V NGC are given by
∆κGSV =
1
M2c
απ
(
2s2w − 5
)
ηVm
2
W (0)
288s2w (s
2
w − 1)
+O(1/M4c ), (93)
∆QGSV = 0, (94)
for which we have defined
ηV = η(γ(0),Z(0)) =
(
1, 1− 1
2c2w
)
. (95)
18
The contributions from KK scalar–loops diagrams, ∆κSV and ∆Q
S
V , can be expressed as
∆κSV = O(1/M4c ), (96)
∆QSV = O(1/M4c ). (97)
The latest NGC are the fermionic ones, for which we have separated the cases V = γ(0) and V = Z(0). The
corresponding expressions are
∆κFγ(0) = O(1/M4c ), (98)
∆QFγ(0) = 0, (99)
∆κFZ(0) =
1
M2c
απQ2m2
W (0)
72s2w
(
Q2 − 4m2
W (0)
)
2
(
9
√
Q2mW (0) + 2m
2
W (0) − 8Q2
)
+O(1/M4c ), (100)
∆QFZ(0) =
1
M2c
απm2
W (0)
36
√
Q2s2w
(
Q2 − 4m2
W (0)
)
2
(
3(Q2)5/2
−mW (0)
(
2mW (0) +
√
Q2
)(
mW (0)
(
−8
√
Q2mW (0) + 6m
2
W (0) +Q
2
)
+ 3(Q2)3/2
))
+O(1/M4c ).(101)
C. Discussion
The presence of couplings with inverse–mass dimensions in extra–dimensional models indicates that these physical
descriptions are not renormalizable. In the context of UED, it was recently shown [9, 15] that, in spite of this general
property, one–loop contributions calculated from models with only one extra dimension are renormalizable. Non-
renormalizability of extra–dimensional theories is not an issue, as it only means that they do not model fundamental
descriptions, but are valid below certain energy scale that marks the beginning of a new physical picture. However,
the possibility of obtaining finite results, independent of higher–energy scales, is a nice feature that is indeed ob-
served in the contributions to the gauge coupling WWV that we just exhibited. In general, the way through which
the nonrenormalizability of extra–dimensional theories manifests, after compactification and integration of the extra
dimensions, are the KK sums. To this respect, the final step in the derivation of Eqs. (91) to (101) consisted in
performing the KK infinite sums, which were found to be known convergent series, namely, Riemann zeta functions.
This proves that presumable sources of ultraviolet divergences associated to discrete sums are eliminated. In the
results written in terms of Passarino–Veltman scalar functions the disposition of the two–point scalar functions, B0,
shows that continuous ultraviolet divergences are exactly cancelled. This feature is even more explicit in the series
suppressed by powers of the compactification scale, for not even a track of divergences remain. Thus our results show
explicitly that the ultraviolet divergences generated by continuous sums also vanish, so that the final expressions are
finite and cutoff independent. Our low–energy physical picture is the SM, which is a renormalizable description where
a linear realization of electroweak symmetry breaking takes place. This context sets the conditions under which the
decoupling theorem [35] is fulfilled. Note that all our results consistently decouple in the limit Mc → ∞, which can
be better appreciated in Eqs. (91) to (101), since the suppression provided by the compactification scale makes it
explicit in them. We divided the contributions to the TGC’s in order to emphasize their behavior with respect to
gauge symmetry dictated by the SU4(2)L group. The general parametrization of the new–physics effects on theWWV
interactions arises, from the viewpoint of effective field theory, from gauge invariant effective terms, both renormaliz-
able and nonrenormalizable, whose building blocks are the SM gauge symmetry and dynamic variables. The physical
states associated to the photon and Z boson are then innately related to each other through the W
(0)3
µ field, due
to electroweak gauge symmetry. It is through such link that the new–physics contributions to the TGC’s WWV
parametrization that are governed by the SU4(2)L gauge group are expected to distinguish the cases V = γ
(0) and
V = Z(0) only through the couplings gV . In the case of the GNBC, notice that there is no difference between the form
factors corresponding to the case V = γ(0) and those arising for V = Z(0), which indicates, according to the above
discussion, that SU4(2)L gauge symmetry is maintained at the one–loop level by such contributions. Contrastingly,
the NGC distinguish the cases V = γ(0) and V = Z(0), which leads to the conclusion that they are not governed
by the SU4(2)L gauge group. The reason behind such different comportment lies on the role played by electroweak
gauge symmetry, which is innocuous to the sources of GNBC, but strikes the couplings of KK excited and zero modes
originated in the five–dimensional scalar and fermionic sectors, whose subsequent yields are the NGC.
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FIG. 6: Behavior of the ∆κV and ∆QV with respect to compactification scale, Mc, at
√
Q2 = 500 GeV. All extra–dimensional
contributions decouple in the limit Mc →∞.
The determination of the existence of UED could be achieved at the LHC through direct production of the lightest
KK particle, which is neutral and, as a consequence of KK–parity conservation, stable, so that its production at
colliders would result in generic missing–energy signals. The detection of such KK excited mode would be challenging,
for the high degeneracy of the mass spectrum of KK excited modes of the same KK level leads to small missing–energy
signals. Direct production of second–level KK states, which would be a way to reliably determine the UED nature
of the observed new physics effects, could be out of the reach of the LHC, as KK excited modes are exclusively
pair–produced at tree level. The study of virtual effects, such as those associated to TGC’s, could then provide
useful tools for the search and determination of UED. The TGC’s WWV can be studied through the LHC and the
ILC as well, but it has been pointed out [26] that the sensitivity of the latter to this gauge interaction is much
better than that corresponding to the former. While the LHC is expected [26] to constrain ∆QV up to O(10−3)
and to set a bound as restrictive as O(10−2) on ∆κV , the sensitivity of ILC should reach [26] bounds of O(10−4)
on all these parameters. The SM one–loop contributions to the ∆κγ(0) and ∆Qγ(0) form factors have been already
calculated by employing conventional [36] and unconventional [37] gauge–fixing approaches. The gauge–invariant
scheme followed in Ref. [37] leaded to a SM contribution to ∆κγ(0) varying from 10
−3 to 10−4 for energies in the
range 200 GeV<
√
Q2 < 1000 GeV, while, for the same energy values, the ∆Qγ(0) form factor is found [36] to lie
between 10−4 and 10−5. In Fig. (6), one can appreciate the behavior of the extra–dimensional contributions to all
form factors as larger compactification energy scales are considered within a scenario in which
√
Q2 = 500 GeV. Also,
in Table I, we provide a summary of numerical results on all these parameters for
√
Q2 = 500 GeV combined with
∆κγ(0) ∆κZ(0) ∆Qγ(0) ∆QZ(0)
Mc =1000 GeV −2.5× 10
−3
−2.6× 10−3 −9.0× 10−5 −3.6× 10−5
Mc =2000 GeV −6.3× 10
−4
−6.5× 10−4 −2.2× 10−5 −8.8× 10−6
Mc =3000 GeV −2.8× 10
−4
−2.9× 10−4 −9.7× 10−6 −3.9× 10−6
TABLE I: Values of the ∆κV and ∆QV parameters for fixed
√
Q2 = 500 GeV.
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compactification scales Mc = 1000 GeV, Mc = 2000 GeV, and Mc = 3000 GeV. These numerical estimations were
all made by employing the expansions of the form factors with terms suppressed by powers of the compactification
scale Mc. Our results indicate that the ∆κV range from ∆κV ∼ −10−3 to −10−4, for compactification scales within
Mc = 1 TeV and 3 TeV, which means that ILC would be sensitive at ECM = 500 GeV in these scenarios. In the case
of ∆κγ(0) , note that the one–loop extra–dimensional contributions are about the same order of magnitude than those
from the SM. On the other hand, we find the ∆QV parameters to be out of the reach of ILC, as for
√
Q2 = 500 GeV
we estimate their values to be between O(10−5) and O(10−6) for 1TeV < Mc < 3TeV. This loop contribution is
minor than the one emerging from the SM by about one order of magnitude.
As we performed all numerical estimations in a heavy–compactification scenario, for which the mass spectrum of
the KK excited modes was taken to be degenerate, one might wonder whether the impact of the top quark mass on
the TGC’s could have been minimized by this assumption and actually play an important role in the non–degenerate
framework. We evaluated the contributions involving the KK excited modes of the top quark in an exact way, that is,
by taking their mass as given bym2
t(m)
= m2
t(0)
+m2n, and found that the total fermionic contributions to the ∆QV form
factors do not experience appreciable changes, while the corresponding contributions to the ∆κV are highly sensitive
to quarks’ heavy masses. We have verified that the same pattern occurs in the one–loop fermionic contributions
from the SM, which exceed the importance of the extra–dimensional contributions by about one or two orders of
magnitude in all cases. In spite of the enhancement observed in this calculation, the total numerical results are not
notoriously modified, so that the leading extra–dimensional contributions to these from factors are still engendered
by the gauge sector of the five–dimensional high–energy description. The only case in which the order of magnitude
of such contributions is matched by another source is the ∆QZ(0) form factor, which also receives a large contribution,
between ∼ 10−5 and ∼ 10−6, from the extra–dimensional fermionic sector, although, as already mentioned, such form
factor is not much sensitive to the top quark mass and the extra–dimensional pure–gauge contribution is still the
most important. In all cases, contributions from the five–dimensional gauge sector are negative, so that the total
contributions to all form factors are negative as well 4. This can be observed in the plots of Fig. (6) and in the
data of Table I. There exists the possibility of including effects on the TGC’s WWV from an extra–dimensional
effective theory parametrizing the impact of the high–energy description lying beyond the cutoff of the 5DSM. Under
reasonable assumptions, it has been estimated [15] that the effects of such presumable higher–energy theory amount
to a small percentage of those generated by the SM in five dimensions, for which we have omitted a comparison in
the present paper.
IV. CONCLUSIONS
The main purpose of the present paper was the study of the one–loop effects conceived by an extra–dimensional
generalization of the SM on the parameters characterizing the charged TGC’s WWV . Motivated by the importance
of one–loop calculations in extra–dimensional extensions of the SM in which the extra dimensions are assumed to
be universal, we considered the case of one UED. The interesting gauge structure of the KK theory obtained after
compactification of the extra dimension was emphasized. Two sorts of gauge transformations arise at the four
dimensional level, one of which contains the low–energy SM gauge symmetry, whereas the other corresponds to the
gauge nature of some heavy degrees of freedom, that is, KK excited modes. In order to perform phenomenological
calculations, it was adequate to remove the gauge symmetry characterized by the latter set of gauge transformations,
which we accomplished through an interesting covariant gauge–fixing procedure that gave rise to a quantum theory
that is still invariant under the electroweak gauge group. By virtue of the importance of W+W− production in linear
colliders, which is a window to study TGC’s, we took the external SM W bosons on–shell, but kept the SM neutral
gauge boson off–shell. We then performed the calculation, in the Feynman–’t Hooft gauge, in a context in which the
compactification scale was supposed to be large. Within this heavy–compactification scenario, we set the masses of
the KK excited modes to be all the same, for such a degenerate mass spectrum yields valuable simplifications. All
ultraviolet divergences associated to continuous sums were found to vanish and the results behaved in a decoupling
way. The heavy–compactification scenario then made it possible to express all results as series with terms suppressed
by the powers of the compactification scale, where it was emphasized that divergences associated to discrete infinite
KK sums as well lead to finite results, from which we concluded that the final expressions are finite and independent
4 The SM one–loop contributions to the WWγ vertex reported in Ref. [38] consistently have the same signs as our results, as expected
since the SM couplings and those involving KK excited modes are similar. At the first glance, there seems to be discrepancies between
the signs of our results and the ones derived in this reference, but all differences are caused by the conventions taken in that work and
the ones used in the present paper for the general WWV parametrization.
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of higher–energy scales. Each contribution to the WWV form factors was subdivided into two parts, one of which is
unaffected by electroweak symmetry breaking and consequently shows manifest invariance with respect to the SU4(2)L
gauge group. The other part in each contribution, emerged from the extra–dimensional scalar and fermionic sectors,
did not exhibit such a comportment, which is related to the sensitivity of its extra–dimensional originating source to
spontaneous breaking of the electroweak group. Our numerical estimations produced dominating contributions from
the extra–dimensional gauge sector, which were not even exceeded by those associated to fermionic excited modes.
Form factors were found to be comparable to the SM one–loop corrections and well within the reach of a linear
collider with a center–of–mass energy amounting to 500 GeV and compactification scales ranging from 1000 GeV to
3000 GeV.
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Appendix A: Lagrangians contributing to WWV at the one–loop level
In this section, we provide the Lagrangian terms contributing to the WWV vertex at the one-loop level.
Pure–gauge contributions
The part of the KK Lagrangian generated by the extra–dimensional gauge sector that yields one–loop contributions
to the TGC’s WWV can be expressed as
L1−loopG = LW (0)3W (n)−W (n)+ + LW (0)∓W (n)±W (n)3 + LW (0)−W (0)+W (n)3W (n)3 + LW (0)∓W (n)±W (0)3W (n)3
+L
W (0)3W
(n)−
5 W
(n)+
5
+ L
W (0)∓W
(n)±
5 W
(n)3
5
+ L
W (0)−W (0)+W
(n)3
5 W
(n)3
5
+ L
W (0)∓W
(n)±
5 W
(0)3W
(n)3
5
LW (0)C(n)C¯(n) + LW (0)W (0)C(n)C¯(n) , (A1)
where
LW (0)3W (n)−W (n)+ = −ig
[(
W (n)+µν W
(n)−ν −W (n)−µν W (n)+ν
)
W (0)3µ +W (0)3µν W
(n)−µW (n)+ν
−1
ξ
W (0)3µ
(
W (n)+µ∂νW
(n)−ν −W (n)−µ∂νW (n)+ν
)]
, (A2)
LW (0)∓W (n)±W (n)3 = −ig
[(
W (n)−µν W
(n)3ν −W (n)3µν W (n)−ν
)
W (0)+µ +W (0)+µν W
(n)3µW (n)−ν
−
(
W (n)+µν W
(n)3ν −W (n)3µν W (n)+ν
)
W (0)−µ −W (0)−µν W (n)3µW (n)+ν
−1
ξ
W (0)+µ
(
W (n)−µ∂νW (n)3ν −W (n)3µ∂νW (n)−ν
)
+
1
ξ
W (0)−µ
(
W (n)+µ∂νW
(n)3ν −W (n)3µ∂νW (n)+ν
)]
, (A3)
LW (0)−W (0)+W (n)−W (n)+ =
g2
2
[ (
W (0)+µ W
(n)−
ν −W (0)+ν W (n)−µ
)(
W (0)−νW (n)+µ −W (0)−µW (n)ν
)
+
(
W (n)−µ W
(n)+
ν −W (n)−ν W (n)+µ
)(
W (0)−µW (0)+ν −W (0)−νW (0)+µ
)
−2
ξ
W (0)+µ W
(0)−
ν W
(n)−µW (n)+ν
]
, (A4)
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LW (0)∓W (n)±W (0)3W (n)3 = −
g2
2
[ (
W (n)−µ W
(0)3
ν −W (n)−ν W (0)3µ
)(
W (0)+µW (n)3ν −W (0)+νW (n)3µ
)
+
(
W (0)+µ W
(0)3
ν −W (0)+ν W (0)3µ
)(
W (n)−µW (n)3ν −W (n)−νW (n)3µ
)
−2
ξ
W (n)3µW (0)3ν W
(n)−νW (0)+µ +H. c.
]
, (A5)
L
W (0)3W
(n)−
5 W
(n)+
5
= igW (0)3µ
(
W
(n)−
5 ∂
µW
(n)+
5 −W (n)+5 ∂µW (n)−5
)
, (A6)
L
W (0)∓W
(n)±
5 W
(n)3
5
= −ig
[
W (0)−µ
(
W
(n)3
5 ∂
µW
(n)+
5 −W (n)+5 ∂µW (n)35
)
−W (0)+µ
(
W
(n)3
5 ∂
µW
(n)−
5 −W (n)−5 ∂µW (n)35
) ]
, (A7)
L
W (0)−W (0)+W
(n)−
5 W
(n)+
5
= g2W (0)−µ W
(0)+µW
(n)−
5 W
(n)+
5 , (A8)
L
W (0)∓W
(n)±
5 W
(0)3W
(n)3
5
= −g2W (0)3µ W (n)35
(
W (0)+µW
(n)−
5 +W
(0)−µW (n)+5
)
, (A9)
LW (0)C(n)C¯(n) = −ig
[
W (0)3µ
(
C(n)+∂µC¯(n)− − ∂µC(n)+C¯(n)− − C(n)−∂µC¯(n)+ + ∂µC(n−)C¯(n)+
)
−W (0)+µ
(
C(n)3∂µC¯(n)− − ∂µC(n)3C¯(n)− + ∂µC(n)−C¯(n)3 − C(n)−∂µC¯(n)3
)
+W (0)−µ
(
C(n)3∂µC¯(n)+ − ∂µC(n)3C¯(n)+ + ∂µC(n)+C¯(n)3 − C(n)+∂µC¯(n)3
) ]
, (A10)
LW (0)W (0)C(n)C¯(n) = g2
[
W (0)−µ W
(0)+µ
(
C(n)+C¯(n)− + C(n)−C¯(n)+ + 2C(n)3C¯(n)3
)
−W (0)+µ W (0)+µC(n)−C¯(n)− −W (0)−µ W (0)−µC(n)+C¯(n)+ −W (0)3µ W (0)3µC(n)3C¯(n)3
−W (0)3µ
(
W (0)+µ
(
C(n)−C¯(n)3 + C(n)3C¯(n)−
)
+W (0)−µ
(
C(n)+C¯(n)3 + C(n)3C¯(n)+
))]
, (A11)
for which we have defined
C(n)± =
1√
2
(
C(n)1 ∓ iC(n)2
)
, (A12)
C¯(n)± =
1√
2
(
C¯(n)1 ∓ iC¯(n)2
)
. (A13)
KK–excited–scalar contributions
The contributing term containing couplings of scalar KK excitations to gauge KK zero and excited modes read
L1−loopS = LW (0)(KK)(KK) + LZ(0)(KK)(KK) + LA(0)(KK)(KK) + LW (0)W (0)(KK)(KK), (A14)
with
LW (0)(KK)(KK) = gmW (0)H(n)
(
W (0)+µ W
(n)−µ +W (0)−µ W
(n)+µ
)
+
g
2
(2cW sαsβ + cαcβ)
[
h(n)
(
W (0)+µ ∂
µH(n)− +W (0)−µ ∂
µH(n)+
)
−
(
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
∂µh(n)
]
+
3
2
igcW cβmZ(0)h
(n)
(
W (0)−µW (n)+µ −W (0)+µW (n)−µ
)
− igcα
2
[
H(n)
(
W (0)+µ ∂
µH(n)− −W (0)−µ ∂µH(n)+
)
−
(
W (0)+µ H
(n)− −W (0)−µ H(n)+
)
∂µH(n)
]
+gcα
[
mW (0)sWA
(n)
µ −mZ(0)
(
1 + 2s2W
4
)
Z(n)µ
] (
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
, (A15)
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LZ(0)(KK)(KK) = −igcW
(
1− c
2
α
2c2W
)
Z(0)µ
(
H(n)+∂µH(n)− −H(n)−∂µH(n)+
)
−gcαmZ(0)Z(0)µ
(
H(n)−W (n)+µ +H(n)+W (n)−µ
)
+
gcβ
2cW
Z(0)µ
(
h(n)∂µH(n) −H(n)∂µh(n)
)
+
gmZ(0)
cW
Z(0)µ Z
(n)µH(n), (A16)
LA(0)(KK)(KK) = −ieA(0)µ
(
H(n)+∂µH(n)− −H(n)−∂µH(n)+
)
, (A17)
LW (0)W (0)(KK)(KK) =
g2
4
{
W (0)−µ W
(0)+µ
[
2
(
1 + s2α
)
H(n)−H(n)+ +H(n)H(n) +
(
c2β + 4c
2
W s
2
β
)
h(n)h(n)
]
+2s2α
(
W (0)+µ W
(0)+µH(n)−H(n)− +W (0)−µ W
(0)−µH(n)+H(n)+
)}
, (A18)
Fermionic contributions
The contributions generated by fermionic KK excited modes coupling to a zero–mode gauge boson come from the
Lagrangian
L1−loopF = LW (0)ν(n)e(n) + LZ(0)e(n)e(n) + LA(0)e(n)e(n) + LW (0)u(n)d(n) + LZ(0)q(n)q(n) + LA(0)q(n)q(n) , (A19)
where we have defined the leptons–gauge interaction terms
LW (0)ν(n)e(n) =
g√
2
[
cos
α
(n)
e
2
(
N¯ (n)γµE(n)
)
− sin α
(n)
e
2
(
N¯ (n)γµγ5Eˆ(n)
)]
W (0)+µ +H. c. , (A20)
LZ(0)e(n)e(n) =
g
2cW
[
N¯ (n)γµN (n) +
(
E¯(n)
¯ˆ
E(n)
)
γµ

 ZEE ZEEˆ
ZEˆE ZEˆEˆ



 E
(n)
Eˆ(n)


]
Z(0)µ , (A21)
LA(0)e(n)e(n) = −e
(
E¯(n)γµE(n) +
¯ˆ
E(n)γµEˆ(n)
)
A(0)µ . (A22)
along with the definitions
ZEE = cos
2 ne(n)
2
− 2s2W , (A23)
ZEˆEˆ = sin
2 ne(n)
2
− 2s2W , (A24)
ZEEˆ = ZEˆE = sin
ne(n)
2
cos
ne(n)
2
. (A25)
On the other hand, the quarks–gauge couplings are produced by
LW (0)u(n)d(n) =
g√
2
[(
U¯ (n)
¯ˆ
U (n)
)
Kγµ

 WUD WUDˆ
WUˆD WUˆDˆ



 D
(n)
Dˆ(n)


]
W (0)+µ + H. c. , (A26)
LZ(0)q(n)q(n) =
g
cW
Z(0)µ
{(
U¯ (n)
¯ˆ
U (n)
)
γµ

 Z
q
UU Z
q
UUˆ
γ5
Zq
UˆU
γ5 Zq
UˆUˆ



 U
(n)
Uˆ (n)


+
(
D¯(n)
¯ˆ
D(n)
)
γµ

 Z
q
DD Z
q
DDˆ
γ5
Zq
DˆD
γ5 Zq
DˆDˆ



 D
(n)
Dˆ(n)


}
, (A27)
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LA(0)q(n)q(n) = e
∑
q=u,d,...
Qq
(
q¯(n)γµq(n) + ¯ˆq(n)γµqˆ(n)
)
A(0)µ , (A28)
where
WUD = cos
nu(n)
2
cos
nd(n)
2
, (A29)
WUˆDˆ = sin
nu(n)
2
sin
nd(n)
2
, (A30)
WUDˆ = − sin
nd(n)
2
cos
nu(n)
2
, (A31)
WUˆD = − sin
nu(n)
2
cos
nd(n)
2
, (A32)
ZqUU =
(
1
2
−Qu
)
cos2
nu(n)
2
−Qus2W sin2
nu(n)
2
, (A33)
Zq
UˆUˆ
=
(
1
2
−Qu
)
sin2
nu(n)
2
−Qus2W cos2
nu(n)
2
, (A34)
Zq
UUˆ
= Zq
UˆU
= −
(
1
2
−Quc2W
)
sin
nu(n)
2
cos
nu(n)
2
, (A35)
ZqDD =
(
1
2
+Qd
)
cos2
nd(n)
2
+Qds
2
W sin
2 nd(n)
2
, (A36)
Zq
DˆDˆ
=
(
1
2
+Qd
)
sin2
nd(n)
2
+Qds
2
W cos
2 nd(n)
2
, (A37)
Zq
DDˆ
= Zq
DˆD
= −
(
1
2
+Qdc
2
W
)
sin
nd(n)
2
cos
nd(n)
2
. (A38)
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